
Journal of Power Sources, 36 (1991) 29-43 29 

Fabrication and activation studies of conducting plastic 
composite electrodes for redox cells 

S. Zhong, M. Kazacos,  R. P. Burford and M. Skyllas-Kazacos* 
School of Chemical Engineering and Industrial Chemistry, The University of New 
South Wales, Kensington, N S W  2033 (Australia) 

(Received February 21, 1991) 

Abstract  

Conducting polyethylene (PE) composite material is fabricated by mixing polyethylene 
with conducting fillers. Electrical, mechanical, permeation and electrochemical studies 
show that the PE composite is a good electrode matrix material for the vanadium redox 
battery. Chemical treatment studies on two kinds of PE composites show that the material 
with a high graphite-fibre content has good electrochemical activity and stability after 
treatment. Further cyclic voltammetry and SEM investigations indicate that chemical 
treatment increases the active surface area of the PE composite. 

Introduct ion  

Conduc t ive  p o l y m e r s ,  o r  p las t ics ,  a re  p r o m i s i n g  e l ec t rode  ma te r i a l s  for  
a large n u m b e r  of  industr ia l  e l e c t roch emica l  app l i ca t ions  s ince  they  offer 
low-cost ,  low-weight  a l t e rna t ives  to  t rad i t iona l  g r aph i t e  or  c a r b o n  e lec t rodes ,  
and  can  be  eas i ly  m o u l d e d  into any  s h a p e  and  §ize [ 1 - 8 ] .  Conduc t ive  po lymers ,  
such  as  po lypyr ro le ,  have  g o o d  e lec t r ica l  conduc t iv i ty  [9], bu t  are  easi ly 
a t t a cked  by  acidic  and  oxida t ive  e lec t ro ly tes .  In app l i ca t ions  such  as  the  
v a n a d i u m  r e d o x  ba t t e ry  [10],  t he re fo re ,  conduc t i ve  p o l y m e r s  a re  unsui tab le  
fo r  use  as e lec t rodes .  

Conduc t ing  g r a p h i t e / p o l y e t h y l e n e  c o m p o s i t e  e l ec t rodes  have,  however ,  
b e e n  success fu l ly  u sed  in the  v a n a d i u m  r e d o x  cell. Indeed,  ene rgy  efficiencies 
o f  up  to  90% have  b e e n  ach i eved  wi th  J a p a n e s e  ma te r i a l s  in 1 k W  p r o t o t y p e  
ba t te r ies  [11]. Since t he se  ma te r i a l s  a re  expens ive ,  the  objec t ive  o f  the 
p r e s e n t  work  is to  deve lop  fo rmula t ions  and  p r o c e s s e s  to  give a m o r e  cost-  
effect ive p roduc t .  In par t icu lar ,  a su i tab le  ac t iva t ion  t r e a t m e n t  is inves t iga ted  
in o rde r  to e l iminate  the  n e e d  for  a cos t ly  g raph i t e  ma t ,  o r  felt, ac t ive  layer.  

The  i m p o r t a n t  p r o p e r t i e s  g o v e r n i n g  the  use  o f  ma te r i a l s  as  e lec t rodes ,  
include: conduct iv i ty ,  m e c h a n i c a l  integri ty ,  pe rmeab i l i ty ,  e l ec t rochemica l  ac- 
tivity, s tabi l i ty  in the  e lec t rolyte .  These  p r o p e r t i e s  have  b e e n  eva lua ted  in 
the  p r e s e n t  s tudy  as  a func t ion  of  the  c o m p o s i t i o n  of  the  P E / g r a p h i t e  
compos i t e s .  T r e a t m e n t  o f  the  su r face  o f  the  c o n d u c t i n g  p las t ic  h a s  a lso  b e e n  
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examined with the objective of enhancing the electrochemical activity for 
redox-cell applications. 

Experimental 

Preparation of  composite 
The following materials were used in the preparation of the conducting 

plastic composites: 
• Polymer: low density polyethylene powder (LDPE), MFI (17/1200), 

(MANIS Pty. Ltd. ,  Brookvale 2100,  Australia). 
• Carbon and graphite products: carbon black: CABOT 'Black Pearl 2000' 

(Cabot Corporation, Billerica Technical Centre, U.S~.).  
• Graphite powder: LONZA KS-2.5 graphite (LONZA Inc., Fairlawn, U.SJk.). 
• Graphite fibre: KUREHA C-203s (Kureha Chemical Industry Co., Ltd., 

Chuo-ku, Tokyo, Japan). 
The ingredients were weighed, poured into a Rheomir 600 internal mixer, 

heated to 140 °C, and mixed at this temperature for 20 min with a blade 
speed of 50 r.p.m. The mixture was then removed and placed into square 
moulds with dimensions 152 × 152 x 0.3 to 2.0 mm. The mould was heated 
to 140 °C and the mixture left for 30 min. A pressure of 225 kg cm-e  was 
then applied in a Stacy Hydraulics 40 tonne press for 30 min at the same 
temperature. The pressure was then released and the mould allowed to cool 
to obtain thin, smooth polyethylene composite sheets. 

Evaluation and properties 
Resistivity meaxurements 
The ASTM D-991 method was employed for measurement  of resistivity. 

It is well known that  the conductivity of the composite plastics will be affected 
greatly by the type of polymer [12], as well as by the type and particle size 
of the conducting materials [13-16]. In initial studies of composite devel- 
opment, low density polyethylene powder (LDPE), Black Pearl carbon black 
(CB), graphite powder (GP) and graphite fibres (GF) were used in various 
proportions. 

Permeation measurements 
To evaluate the permeability of the materials, a small round cell with 

a solution pumping system was employed. The conducting plastic sheet was 
used as a separator between the two electrolyte compartments. One side 
contained 1 M V 8+ + 1 M VO 2+ in 3 M H2SO4 solution (the mixed electrolyte 
of the vanadium battery), the other side a 3 M H2SO4 blank solution. Both 
solutions were pumped for 18 days, and 5 ml samples were withdrawn 
periodically from the HeSO4 compartment. The concentration of vanadium 
ions in these samples was determined by inductively coupled plasma (ICP) 
analysis. 
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Preparation of  electrodes for  cyclic voltammetry 
In o rde r  to  s imulate  the e l ec t rode  working condi t ions  dur ing bat tery  

opera t ion ,  a small e l ec t rode  was fabr ica ted  for  cycl ic  vo l t ammet r i c  tests.  A 
p iece  of  graphi te  felt  (d i amete r  1 cm)  and a p iece  of  c o p p e r  m esh  o f  the 
same size were  hea t -p ressed  on to  e i ther  side of  the  c o m p o s i t e  po lye thy lene  
sheet ;  the fel t  side was used  as the working sur face  and the c o p p e r  mesh  
as the  cur ren t  col lector .  After  r igorous  sealing with e p o x y  resin,  the e lec t rode  
(pro jec ted  a r e a = 0 . 7 8 5  cm 2) was p laced  into the  e lec t ro ly te  (1 M V3++ 1 
M VO 2÷ in 3 M H2SO4) t oge the r  with a sa tura ted  ca lomel  r e f e r ence  e lec t rode  
(SCE) and a graphi te  plate  (3 x 4 cm)  coun te r  e lec t rode .  A PAR 174 po- 
t en t ios ta t /ga lvanos ta t  and its assoc ia ted  equ ipmen t  were  e m p l o y e d  for  the  
cyclic vo l t ammet r ic  expe r imen t s .  

Evaluation of chemical treatment 
Small r ec tangu la r  (7 X 1 .6X 10 mm)  spec imens  were  cu t  f rom each  of  

compos i t e s  A and B desc r ibed  in Table  1. The samples  were  firmly f ixed to 
a graphi te  r od  and then  sea led  in a glass tube  with e p o x y  res in  (Fig. 1). 
Two kinds of  e l ec t rodes  were  p r e p a r e d  for  each  compos i t e ;  these  are  des ignated  
the  's' and 'e '  e lec t rodes .  With  the  's '  e lec t rode ,  the  sur face  e x p o s e d  to the  
e lect rolyte  is the  as -prepared ,  sur face  of  the compos i t e  while for  the  'e '  
e lec t rode,  the  c ross  sec t ion  of  the  compos i t e  is e x p o s e d  to  the  solut ion (see 
Fig. 1). F o r  compar i son ,  a graphi te  plate  e lec t rode  with the  same surface  
a rea  was fabr ica ted  in the  same way. 

The chemical  t r e a t m e n t  solut ion had the  fol lowing compos i t ion :  

H2S04 (97%) AR 800  g 1-1 
K2Cr207 AR 30 g l -  1 

HeO the  res t  

The ef fec t iveness  of  the chemica l  t r e a tm en t  was  evaluated  using cyclic 
vo l t ammet ry  and  scanning  e lec t ron  mic roscopy .  

R e s u l t s  a n d  d i s c u s s i o n  

Effect of composition on resistivity 
Figure  2 and Table  2 give a compar i son  of  the  resist ivi ty of  the  three  

mater ia ls  used  in the  same  p ropo r t i ons  in the conduc t ing  co m p o s i t e  mixture .  

TABLE 1 

Composition and resistivity of composite PE used in chemical treatment studies 

Samples Composition (%) Resistivity (fl cm) 

A LDPE 50 
CB 25 0.13 
GF 25 

B LDPE 25 
GF 75 0.17 
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Fig. i .  Schematics  of composite  conduct ing plastic sheet  and electrodes for chemical  t rea tment  
studies: (a) composi te  sheet;  (b) electrode construction.  

It is clear that, for  the same loading, the inclusion of  graphite powder  gives 
rise to a less conductive composite than the o ther  materials. The dramatic 
decrease in resistivity (7 orders of magnitude) when the graphite fibre content  
was increased from 10% to 20% is attributed to the development of  an 
electrical network for the passage of  current  through the composite [17]. 
The loading of BP carbon black has a less dramatic effect on resistivity. 
Further  experiments  showed that the combination of  graphite fibre and carbon 
black gave bet ter  electrical propert ies  (Table 3) than graphite fibre alone. 

This combination of  filler leads to an enhancement  of  the conductivity. 
Additional formulations were tested and samples were prepared with the aim 
of  reducing resistivity to less than 1 g~ cm. The following formulation was 
found to have a resistivity of around 1 ~ cm: 70% high density polyethylene, 
15% BP, 15% GF. Even lower resistivity could be obtained with higher carbon 
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F ig .  2. Influence of conducting filler control on the resistivity of PE composites (GP = graphite 
powder, CB = BP=Black Pearl carbon black, GF=graphite fibre). 

TABLE 2 

Resistivity of materials in same proportions 

Content (%) Materials Resistivity (1~ cm) 

5 GP > 10 TM 

GF 1 × 10 m 
BP 3.13 X 102 

10 GP 3.3 × 10 I° 
GF 2.4 × l0  s 
BP 3.26x 10 

20 GP 3.3 x 109 
GF 4.9 
BP 8.2 

TABLE 3 

Resistivity of materials in different proportions 

Composition Resistivity ((1 cm) 

80% PE + 20% BP 8.2 8.2 
80% PE + 20% GF 4.9 4.9 
80% PE+ 10% BP+10% GF 1.6 

l o a d i n g  as  s h o w n  in T a b l e  1, a l t h o u g h  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  

c o m p o s i t e  t e n d e d  t o  d e g r a d e  c o n s i d e r a b l y .  

Mechanical properties 
As d e s c r i b e d  a b o v e ,  a c o m b i n a t i o n  o f  c a r b o n  b l a c k  ( B P )  a n d  g r a p h i t e  

f ib re  ( G F )  in t h e  r a t i o  1:1 ( t o t a l  f r a c t i o n  b e i n g  3 0 %  o f  t h e  c o m p o s i t e )  
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Fig. 4. P e r m e a t i o n  b e h a v i o u r  o f  c o m p o s i t e  PE Shee t  (70% PE, 15% BP, 15% GF).  

produced a composite with a resistivity of  1 1~ cm. Further  experiments  
showed that even lower resistivities could be obtained by increasing the ratio 
of  BP to GF, as illustrated in Fig. 3. Increasing the propor t ion of BP, however, 
also resulted in a deterioration in the mechanical  propert ies  of  the composite,  
i.e., both tensile strength and elongation decreased (Fig. 3). In these ex- 
periments,  the total percentage of BP and GF in the composite was 30%. 
Varying both the total carbon content  and the ratio of  BP to GF may thus 
allow a reduct ion in resistivity to be achieved without a decrease in the 
mechanical  properties.  

P e r m e a t i o n  
When employed in electrode fabrication for redox-cell  applications, an 

electrochemically active layer is bonded to the top and a current  collector 
(normally a metal foil or mesh) to the back of  the composi te  sheet. If the 
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thin composite polyethylene sheets have a high permeability, the electrolyte 
(which in the present system is vanadium ions in sulphuric acid) will pass 
through the sheet and attack the current collector, and also possibly leak 
from the battery during operation. The permeation behaviour is therefore 
one of the most important performance characteristics of the carbon/poly- 
ethylene composites. From the results shown in Fig. 4, it appears that  the 
permeation rate of vanadium ions is negligible for material of composition70% 
HDPE, 15% BP, 15% GF. 

Cyclic voltammetry 
The following reactions occur during charging and discharging of the 

vanadium redox battery: 
charging: 

positive: VO ~ + + H20 -- e 
charge 

'VO2 + + 2 H  + ( 1 )  
discharge 

charge 
negative: V a+ + e -  ( ~V 2+ (2) 

discharge 

A good electrode for this battery should have high electrochemical activity 
for the above reactions, and also be stable in the electrolyte during charge/  
discharge cycling. Figure 5 shows cyclic voltammograms obtained for a 
conducting plastic electrode (composite 70% PE, 15% BP, 15% GF) onto 
which a piece of FMI graphite felt was bonded. The four peaks corresponding 
to the above forward and reverse electrode reactions of the four vanadium 
species can be observed (peaks A and B: V(IV)~V(V); peaks C and D: 
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P o f e n f i a l / V  vs SEE 

Fig. 5. Cyclic voltammogram for composite PE (projected area=0.785 cm 2) and graphite 
electrode (area=0.785 cm 2) in (1 M V(III)+ 1 M V(IV))/3 M H2SO 4 solution, (1) graphite felt 
bonded to PE composite (70% PE, 15% BP, 15% GF); (2) graphite felt bonded to graphite 
rod (scan rate= 100 mV s-Z). 
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Fig. 6. Cyclic s tabi l i ty  t e s t  for  c o m p o s i t e  P E / g r a p h i t e  fe l t  e l e c t r o d e  ( s c a n  r a t e =  100 mV s - l ) .  ~ 

V(III) ~V(II) .  This indicates that  the graphite-felt-bonded composite poly- 
ethylene electrode structure has good electrochemical activity in the electrolyte. 
Curve 2 illustrates the electrochemical behaviour of a graphite rod electrode 
of similar size with the same graphite felt bonded to the surface. From the 
two curves, it appears that the composite polyethylene is a better electrode 
substrate material. This is probably due to the lower contact resistance 
between the graphite felt and conducting plastic substrate which can be 
achieved by heat pressing. Figure 6 gives further cyclic voltammetric results 
that demonstrate the stability of the electrode during operation. After 100 
cycles, only a negligible change in the electrode behaviour was recorded. 
Thus, these materials have excellent long-term characteristics for the vanadium 
battery applications. Because of the high surface area, high conductivity and 
reactivity of the graphite felts, very high cell and battery efficiencies have 
been achieved with these electrodes. 

Chemical  t rea tment  
Significant cost reduction could be achieved by total elimination of the 

felt and direct activation of the conducting plastic surface. The surface of 
the conducting composite polyethylene, although electrically conductive, is, 
however, covered by the bonding plastic which reduces both the surface 
hydrophilicity and the reaction area. The purpose of chemical treatment is 
to increase the surface hydrophilicity, the reactive surface area and, if possible, 
the active sites or functional groups that  can catalyse the electrochemical 
reactions. Polyethylene is very stable to most  chemicals and solvents; only 
strongly oxidative and acidic solutions can attack its surface. A chro- 
mate-sulphuric acid system was therefore employed for surface treatment. 

Inf luence o f  t reatment  t ime  
The prepared electrodes were polished, successively, with 120, 320 and 

400 sand paper (the latter for the 'e' and graphite electrodes only), cleaned 
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with ace tone  and  water,  and then  e t ched  in the ho t  (65 °C) chemica l  t r ea tmen t  
solut ion for  var ious  t ime per iods .  The cyclic v o l t a m m o g r a m s  for  the two 
kinds of  compos i t e  po lye thy lene  e lec t rodes  and for  graphi te  e l ec t rodes  are 
shown in Figs. 7 -9 ,  respect ively .  ~ r t h e r  details  are given in Table  4, and 
Figs. 10 and 11. In the  Tables,  Ipx and Ipe refer ,  respect ively ,  to the peak  
cur ren t  of  the  two e l e c t r o d e  reac t ions :  V ( I V ) -  e -  --* V(V) (peak  A in Fig. 5), 
and V ( I I I ) + e - - * V ( I I )  (peak  C in Fig. 5); AEp~, Z~'p2 re fe r  to  the peak  
potent ia l  separa t ions  of  the  two r e d o x  couples ,  respect ively .  

The da ta  (Table  4, Figs. 7, 8) show that  bo th  compos i t e  e lec t rodes  
exhibi t  an increase  in p e a k  cu r r en t  with increas ing t r ea tmen t  t ime. This is 
p robab ly  due  to  an increase  in the  sur face  hydrophi l ic i ty  as well as to increased  
e xposu r e  of  the  conduc t ive  material ,  which was  initially cove red  by bonding  
polyethylene .  Both  effects  would  enhance  the  vanad ium ion reac t ions .  Com- 
par ing  the  da ta  in Figs. 7 - 1 1  and  Table  4, it is c lear  tha t  the  effect  o f  the  
shor t - t ime t r e a tmen t  on  the  peak  cu r ren t  is m o r e  p r o n o u n c e d  in the  case  
of  the  P E 2 5 2 5  than  the  P E 7 5  e lec t rodes .  This is p robab ly  due  to  the  fact  
tha t  ca rbon  b lack  is m o r e  conduc t ive  than  graphi te  fibre. With longer  t r ea tmen t  
t imes,  however ,  the  effect  on  peak  cu r ren t  is g rea te r  with the P E 7 5  e lec t rodes  
(cf. Figs. 10 and  11). An exp lana t ion  for  this r everse  in behav iour  m ay  lie 
in the  fac t  tha t  m o r e  of  the  graphi te  fibres are ex p o sed  so tha t  the surface  
a rea  of  the P E 7 5  e lec t rode  b e c o m e s  g rea te r  than  tha t  of  the P E 2 5 2 5  composi te .  
F o r  the same compos i t e ,  however ,  the  'e '  e l ec t rodes  are  seen  to  p ro d u ce  a 
h igher  reac t ing  current .  This  can  be a t t r ibu ted  to  the  graphi te  f ibres having 
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Fig. 7. Cyclic voltammograms for PE2525 composite electrode in vanadium solution (same 
as Fig. 5): (1) untreated; (2) 5 min treated; (3) graphite (scan rate= 100 mV s-I). 

Fig. 8. Cyclic voltammograms for PE75 composite electrode in vanadium solution (same as 
Fig. 5): (1) untreated: (2) 5 rain treated; (3) graphite (scan rate=100 mY s-3). 
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Fig. 9. Cyclic voltammograms for graphite electrode in vanadium solution (same as Fig. 5): 
(1) untreated; (2) 5 min treated (scan ra te=100 mV s- l ) .  

Fig. 10. Effect of treatment time on peak current for PE2525 composite electrode. 
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Fig. 11. Effect of treatment time on peak current for PE75 composite electrode. 

a h i g h e r  e l e c t r o c h e m i c a l  a c t i v i t y  in  t h e  c r o s s - s e c t i o n a l  d i r e c t i o n  c o m p a r e d  
w i t h  t h e i r  s u r f a c e .  

I n  t h e  c a s e  o f  t h e  g r a p h i t e  e l e c t r o d e  ( s e e  F ig .  9 a n d  T a b l e  4) ,  a 5 m i n  
e t c h  c a u s e d  t h e  p e a k  c u r r e n t  t o  i n c r e a s e  b u t  l o n g e r  t r e a t m e n t  y i e l d e d  n o  
f u r t h e r  i m p r o v e m e n t .  S i n c e  t h e  g r a p h i t e  e l e c t r o d e  h a s  a c o n s t a n t  s u r f a c e  
a r e a ,  o n l y  t h e  f i r s t  e t c h  w o u l d  b e  e x p e c t e d  t o  i n c r e a s e  t h e  s u r f a c e  h y d r o p h i l i c i t y .  



TABLE 4 

Influence of treatment time on the behaviour of different electrodes 
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Time (min) Ipl (IliA) Ip2 (InA) /~'pj C y') ~l~Ep2 (V) 

Electrode PE2525 ('e' electrode) 
0 6.40 
5 17.00 12.60 1.00 0.85 

30 19.00 17.00 0.90 0.64 
60 21.00 16.50 0.60 0.52 

Electrode PE2525 ('s' electrode) 
0 4.00 
5 14.60 12.40 0.60 0.52 

30 16.40 13.00 1.32 0.52 
60 18.40 14.60 0.84 0.52 

Electrode PE75 ('s' electrode) 
0 0.60 
5 7.00 7.00 0.52 0.72 

30 9.60 9.40 0.68 0.68 
60 12.40 12.40 0.68 0.68 

120 16.00 15.60 0.68 0.68 
240 22.00 22.00 0.88 0.88 
480 32.00 30.00 1.20 1.08 

Electrode PE75 ('e' electrode) 
0 1.60 
5 10.80 10.80 0.48 0.80 

30 17.00 17.00 0.60 0.68 
60 22.00 23.80 0.60 0.64 

120 30.00 29.20 0.60 0.68 
240 38.00 37.00 0.72 0.84 
480 49.60 48.80 1.00 1.00 

Graphite electrode 
0 15.00 13.00 0.32 0.40 
5 22.00 17.00 0.40 0.40 

30 22.00 18.00 0.64 0.48 
60 26.00 20.80 0.64 0.48 
90 24.00 19.20 0.64 0.48 

The  g e n e r a l  t r e n d s  in  p e a k  c u r r e n t  v e r s u s  t r e a t m e n t  t i m e  fo r  t h e  t w o  
k i n d s  of  c o m p o s i t e  p l a s t i c  e l e c t r o d e s  a re  s u m m a r i z e d  in  F igs .  10 a n d  11.  

Cyclic stability 
The  P E 2 5 2 5  a n d  P E 7 5  e l e c t r o d e s  w e r e  c o n t i n u o u s l y  c y c l e d  b e t w e e n  

t h e i r  pos i t i ve  a n d  n e g a t i v e  p o t e n t i a l  l imi t s  ( + 2 .0  V a n d  - 1.2 V, r e s p e c t i v e l y )  
t o  s t u d y  t he i r  s tab i l i ty .  T h e  c o m p o s i t e  w i th  2 5 %  g r a p h i t e  f ibre  a n d  2 5 %  
c a r b o n  b l a c k  is  n o t  e l e c t r o c h e m i c a l l y  s t ab le ;  t he  p e a k  c u r r e n t  d e c r e a s e s  w i t h  
cyc le  n u m b e r  (Fig.  12).  T h i s  is p r o b a b l y  c a u s e d  by  t he  c a r b o n  b l a c k  p a r t i c l e s  
b e i n g  r e m o v e d  f r o m  the  s u r f a c e  and ,  t h e r e b y ,  g i v i n g  r i se  t o  a r e d u c t i o n  in  
t he  r e a c t i v e  s u r f a c e  area .  T h e  c o m p o s i t e  w i th  75% g r a p h i t e  f ibre  ( a n d  t h e  
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Fig. 12. Cyclic stability test of treated PE 2525 composite electrode (30 min, 65 °C); scan 
rate = 100 mV s -  1. 

Fig. 13. Cyclic stability test of treatment composite electrode: (1) 1 h; (2) 2 h; (3) 4 h. All 
treated at 65 °C (scan ra te=  100 mV s - l ) .  Solid line: 1st cycle; broken line: 10th cycle. 
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Fig. 14. Cyclic voltammogram for PE composite bonded with graphite felt: (1) untreated; (2) 
5 rain at 65 °C; (3) 40 rain at 65 °C (scan r a t e=  100 mV s - l ) .  

g r a p h i t e  p l a t e  e l e c t r o d e )  e x h i b i t e d  v e r y  g o o d  s t a b i l i t y  d u r i n g  c y c l i n g ,  h o w e v e r  

( F i g .  13 ) ,  a n d  w o u l d  t h e r e f o r e  b e  m o r e  s u i t a b l e  f o r  u s e  a s  a n  e l e c t r o d e  

m a t e r i a l .  
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M e c h a n i s m  of  chemica l  t rea tmen t  
The t reatment  solution employed in this study is a highly oxidizing acidic 

solution. Its function could be, simply, to increase surface area and hydro- 
philicity, or alternatively to create functional groups or active sites for the 
vanadium reactions. To determine which effect is more important,  a graphite 
felt electrode (bonded onto a 70% PE, 15% BP, 15% GF conducting poly- 
ethylene sheet) was subjected to the t reatment  process  and then tested by 
cyclic voltammetry. Because the felt electrode has a high and constant  surface 
area, if the t reatment  creates  functional groups or active sites, the peak 
current  should increase significantly. The results in Fig. 14, however, show 
that there is little difference in the peak current  before and after  treatment.  

(a) 

Co) 

Fig. 15. Electron micrographs  of t rea ted  (4 h) PE75 composite  material: (a) surface direction; 
Co) cross section.  
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W e  can  thus  conc lude  tha t  the  p r e s e n t  t r e a t m e n t  d o e s  no t  inc rease  the  
n u m b e r  of  ac t ive  si tes on the  e l ec t rode  sur face ,  bu t  r a t he r  i nc reases  the  
su r f ace  a r e a  and  sur face  hydrophi l ic i ty  of  the  c o m p o s i t e  po lye thy lene  elec-  
t rodes .  Fu r the r  ev idence  is g iven by  the  SEM p h o t o g r a p h s  in Fig. 15. T h e s e  
d e m o n s t r a t e  that ,  a f te r  t r e a tmen t ,  m o r e  of  the  g r aph i t e  f ibres  a re  e x p o s e d  
on  the  sur face ,  only  a smal l  p a r t  o f  su r face  still be ing  c o v e r e d  by  the  
po lye thy lene .  This  c aus e s  the  p e a k  cu r r en t  to inc rease  s ignif icant ly a f t e r  
t r e a tmen t .  

Conclus ions  

Conduc t ing  p las t ic  ma te r i a l s  wi th  res is t iv i t ies  as  low as  0 .13  ~ c m  can  
be  f ab r i ca t ed  f r o m  mix tu re s  o f  c a r b o n  black,  g r aph i t e  f ibre and  low dens i ty  
po lye thy lene .  Chemica l  t r e a t m e n t  o f  g r aph i t e  f i b r e -based  c o m p o s i t e  poly-  
e thy lene  can  resu l t  in a su r face  a r e a  e n h a n c e m e n t  and  i m p r o v e d  reac t iv i ty  
fo r  the  vanad ium- ion  r edox  reac t ions .  

Whi ls t  c a rbon-b l ack  c o m p o s i t e  po lye thy l ene  is no t  an e l ec t rochemica l ly  
s tab le  mate r ia l  a f t e r  t r ea tmen t ,  g raph i t e  f ib re -based  c o n d u c t i n g  po lye thy lene  
is. Al though significant  i m p r o v e m e n t s  in the  effect ive  su r face  a r e a  have  b e e n  
ach i eved  with  su r face  t r e a t m e n t  of  t h e s e  mater ia l s ,  f u r the r  r e s e a r c h  on the  
ac t iva t ion  o f  the  e x p o s e d  g raph i t e  f ibres  is r equ i red  to  ach ieve  b e t t e r  e lec-  
t r o c h e m i c a l  act ivi ty  for  the  v a n a d i u m  reac t ions .  Di rec t  ac t iva t ion  of  the  
conduc t i ng  p las t ic  su r face  will t h e n  e l imina te  the  n e e d  for  the  g raph i t e  fel t  
and  d ramat ica l ly  r educe  the  cos t  o f  e l ec t rodes  u s e d  in the  v a n a d i u m  r e d o x  
ba t te ry ,  while main ta in ing  a high efficiency. 
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